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Abstract
There is a great interest in ecology to understand the role of soil microbial	diversity for plant
productivity and coexistence. Recent research has shown increases in species richness of mutualistic soil
fungi, the arbuscular mycorrhizal fungi (AMF), to be related to increases in aboveground productivity of
plant communities. However, the impact of AMF richness on plant-plant interactions has not been
determined. Moreover, it is unknown whether species-rich AMF communities can act as insurance to
maintain productivity in a fluctuating environment (e.g. upon changing soil conditions). We tested the
impact of four different AMF taxa and of AMF diversity (no AMF, single AMF taxa and all four
together) on competitive interactions between the legume Trifolium pratense and the grass Lolium
multiflorum grown under two different soil conditions, showing low and high sand contents. We
hypothesized that more diverse mutualistic interactions (e.g. when four AMF taxa are present) can ease
competitive effects between plants, increase plant growth and maintain plant productivity across
different soil environments. We used quantitative PCR to verify that AMF taxa inoculated at the
beginning of the experiment were still present at the end. The presence of AMF reduced the competitive
inequality between the two plant species by reducing the growth suppression of the legume by the grass.
High AMF richness enhanced the combined biomass production of the two plant species and the yield of
the legume, particularly in the more productive soil with low sand content. In the less productive (high
sand content) soil, the single most effective AMF had an equally beneficial effect on plant productivity
as the mixture of four AMF. Since contributions of single AMF to plant productivity varied between soil
conditions, higher AMF richness.
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Abstract 20 
There is a great interest in ecology to understand the role of soil microbial 21 
diversity for plant productivity and coexistence. Recent research has shown increases in 22 
species richness of mutualistic soil fungi, the arbuscular mycorrhizal fungi (AMF), to be 23 
related to increases in aboveground productivity of plant communities. However, the 24 
impact of AMF richness on plant–plant interactions has not been determined. Moreover, 25 
it is unknown whether species-rich AMF communities can act as insurance to maintain 26 
productivity in a fluctuating environment (e.g. upon changing soil conditions).  27 
We tested the impact of four different AMF taxa and of AMF diversity (no AMF, 28 
single AMF taxa and all four together) on competitive interactions between the legume 29 
Trifolium pratense and the grass Lolium multiflorum grown under two different soil 30 
conditions, showing low and high sand contents. We hypothesized that more diverse 31 
mutualistic interactions (e.g. when four AMF taxa are present) can ease competitive 32 
effects between plants, increase plant growth and maintain plant productivity across 33 
different soil environments. We used quantitative PCR to verify that AMF taxa 34 
inoculated at the beginning of the experiment were still present at the end. 35 
The presence of AMF reduced the competitive inequality between the two plant 36 
species by reducing the growth suppression of the legume by the grass. High AMF 37 
richness enhanced the combined biomass production of the two plant species and the 38 
yield of the legume, particularly in the more productive soil with low sand content. In the 39 
less productive (high sand content) soil, the single most effective AMF had an equally 40 
beneficial effect on plant productivity as the mixture of four AMF. Since contributions of 41 
single AMF to plant productivity varied between soil conditions, higher AMF richness 42 
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would be required to maintain plant productivity in heterogeneous environments. Overall 43 
this work shows that AMF diversity promotes plant productivity and that AMF diversity 44 
can act as an insurance to sustain plant productivity upon changing environmental 45 
conditions. 46 
Key words: AMF richness; plant competition; symbioses; biodiversity effect; insurance 47 
effect, overyielding, quantitative PCR 48 
49 
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INTRODUCTION 50 
There is currently great interest in understanding the role of species richness and 51 
diversity in regulating ecosystem processes (Hooper et al. 2005). The relationship 52 
between plant diversity and plant productivity has already received much attention (e.g. 53 
Tilman et al. 1996, Hector et al. 1999, Loreau et al. 2002); however, the significance of 54 
soil microbial diversity for aboveground plant productivity is still poorly understood 55 
(Balvanera et al. 2006). Few studies have investigated whether soil microbial diversity 56 
can influence plant community productivity and plant–plant interactions (see Rillig 2004; 57 
van der Heijden et al. 2008). Here we focus on arbuscular mycorrhizal fungi (AMF), a 58 
group of obligatory root endophytes that form mutualistic associations with the majority 59 
of land plants by improving nutrient uptake in plant hosts (Smith and Read 2008). 60 
Recently, Bastolla et al. (2009) illustrated how an increased number of mutualistic 61 
interactions can relax competition in species networks and thus increase biodiversity. In a 62 
similar manner, greater diversity of AMF taxa may ease belowground competitive 63 
interactions between plants as AMF taxa can have specific host preferences (Bever et al. 64 
2001, Vandenkoornhuyse et al. 2003) and differ in functional compatibility between host 65 
plants (Ravnskov and Jakobsen 1995). Moreover, the variation in host benefits provided 66 
by differing AMF taxa, such as improved pathogen resistance (Newsham et al. 1995b, 67 
Maherali and Klironomos 2007) and nutrient uptake abilities (Jansa et al. 2005) may 68 
enhance plant species complementarity and thus overall plant productivity (Koide et al. 69 
2000; Rillig 2004). 70 
There have been a handful of studies that have begun to address the importance of 71 
AMF diversity for the productivity of a plant community (van der Heijden et al. 1998a, 72 
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van der Heijden et al. 2003, Balvanera et al. 2006, Vogelsang et al. 2006, Jansa et al. 73 
2008). Some studies show AMF diversity can enhance the productivity of single plant 74 
species (Lekberg et al. 2007, Maherali and Klironomos 2007) or a community of 75 
grassland plants (van der Heijden et al. 1998a). Other studies found that a particular AMF 76 
taxon can be as beneficial or even more beneficial to plant growth than the mixture of 77 
several AMF (van der Heijden et al. 1998ab, van der Heijden et al. 2003, Vogelsang et al. 78 
2006, Jansa et al. 2008), suggesting relationships between AMF diversity and plant 79 
productivity to be mainly due to a sampling probability effect (Wardle 1999). However, it 80 
has yet to be demonstrated how AMF diversity may affect plant competition and plant 81 
complementarity effects, i.e. the other major mechanism (Loreau and Hector 2001, 82 
Cardinale et al. 2007) underlying positive plant biodiversity effects on plant productivity. 83 
Studies investigating whether AMF can alter competitive interactions have mainly 84 
concentrated on comparisons of AMF taxa (Scheublin et al. 2007) or the absence versus 85 
presence of AMF inoculum on plant competition (Fitter 1977, Hartnett et al. 1993, 86 
Hetrick et al. 1994, Zobel and Moora 1995, Schroeder-Moreno and Janos 2008, Collins 87 
and Foster 2009). It is conceivable that the wide range of AMF–host plant interactions 88 
may reduce the overlap of resource niches among coexisting plants, thus reducing 89 
interspecific competition and increasing complementarity between host plants and 90 
potentially increasing total plant community productivity. 91 
Most ecosystems harbour a diverse AMF community in the soil (Bever et al. 92 
2001). Different AMF taxa can dominate under particular environmental conditions, such 93 
as in different soil types (Oehl et al. 2010). Hence, the functioning of specific AMF taxa 94 
may be depressed in one soil type and enhanced in another, yet the influence of the AMF 95 
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community on aboveground productivity in different soil types would be maintained. 96 
This “insurance hypothesis” (Yachi and Loreau 1999) of AMF richness for the 97 
maintenance of plant coexistence and productivity in heterogeneous soil environments 98 
has yet to be tested. 99 
 In this study, the effects of AMF species richness and soil conditions on 100 
competitive interactions between a grass (Lolium multiflorum Lam.) and a legume 101 
(Trifolium pratense L.) were tested. We chose a grass-clover plant community as model 102 
system as these two species commonly coexist in agricultural and natural grassland 103 
ecosystems (Nyfeler et al. 2009), and because grasses and clover respond differently to 104 
AMF, with clover usually benefitting from AMF and many grasses being 105 
unresponsive(van der Heijden et al. 1998; Scheublin et al. 2007). We hypothesize that (1) 106 
co-inoculation of four AMF taxa improves the co-existence between two competing host 107 
plant species compared to inoculation of single AMFs and (2) the influence of AMF, 108 
inoculated individually and as a community, on competitive interactions between plants 109 
differs depending on the soil conditions. To test these hypotheses we grew T. pratense 110 
and L. multiflorum in a replacement series in the absence of AMF (AMF richness = 0), 111 
inoculated with one of four AMF taxa individually (low AMF diversity: richness = 1) and 112 
the combination of all four AMF taxa  (high AMF diversity: richness = 4). This model 113 
system was replicated in two soil-sand mixtures to demonstrate the role soil conditions 114 
can play in mediating AMF community effects on plant–plant competitive outcomes. The 115 
four AMF taxa originated from Swiss grasslands where they commonly co-occur. We 116 
used quantitative PCR to confirm the presence of the AMF used as inocula at the end of 117 
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the experiment in the plant roots to provide confirmation of the co-colonization of roots 118 
by all four AMF within the high diversity treatment. 119 
 120 
METHODS 121 
 122 
Soil and inoculum preparation 123 
Field soil was collected from a long-term grassland field harboring native Lolium 124 
and Trifolium species located at the Agroscope Reckenholz research station in Zürich, 125 
Switzerland (047° 42’ 74’’ N, 008° 51’ 78’’ E). Collected soil was then sieved through a 126 
1 cm mesh in order to remove large stones and root fragments. This soil was mixed with 127 
sand by volume in the ratios of 1:4 and 4:1 soil to sand to create two different soil 128 
conditions with a “high sand” and “low sand” content, respectively. The two soil-sand 129 
mixtures were autoclaved for 99 min at 121 °C. Two samples of approximately 1 kg from 130 
each soil type were taken for nutrient analysis after autoclaving. 131 
The high sand soil had a pH of 7.7 with 0.1 % organic C, 2.45 % clay, 8.2 % silt 132 
and 89.2 % sand and contained 20.5 mg·kg–1 of water soluble inorganic N (NO3– and 133 
NH4+) determined with a Skalar segment flow analyzer. Plant available P2O5 and K2O, 134 
extracted by CO2-saturated water, was 0.71 mg·kg–1 and 5.0 mg·kg–1 respectively. The 135 
ammonium acetate-EDTA (pH 4.65) extracted amounts of Ca, P, K and Mg in mg·kg–1 136 
were 7.02  103, 33.5, 2.85 and 96.6, respectively. The low sand soil had a pH of 7.5 with 137 
0.9 % organic C, 12.2 % clay, 20.8 % silt and 64.4 % sand and contained 50.5 mg·kg–1 of 138 
water-soluble inorganic N. Plant available P2O5 and K2O was 0.32 mg·kg–1 and 7.5 139 
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mg·kg–1 respectively. The ammonium acid-extracted Ca, P, K and Mg in mg·kg–1 was 140 
4.26  103, 17.7, 24.4, and 160.9, respectively. 141 
The four AMF fungi used were: Glomus mosseae (isolate BEG161, Jansa et al. 142 
2002), G. intraradices (BEG 21, van der Heijden et al. 2006), G. claroideum (isolate 143 
JJ132, Jansa et al. 2002) and Diversispora celata (FACE 234, Gamper et al. 2009). These 144 
four AMF belong to the family Glomeraceae, each representing a specific clade (Glomus 145 
group Aa, Ab, B and C, respectively) and are common in Swiss arable and grassland soils 146 
(Schüssler et al. 2001, Schwarzott et al 2001, Gamper et al. 2009, Oehl pers. com.). These 147 
fungi were cultured on Plantago lanceloata L. in pots of 1 L volume for 5 months. The 148 
substrate was sand mixed with approximately 15 % field soil, receiving 20 ml Hoagland’s 149 
nutrient solution (Hoagland and Arnon 1950) with ¼ original concentration KH2PO4 150 
every two weeks and watered to maintain 20 % soil moisture by weight. A control 151 
inoculum (no AMF) was prepared in the same way as the four AMF inoculants. Glomus 152 
claroideum, G. intraradices, G. mosseae and D. celata inoculants were observed 153 
colonizing 30.4 %, 90.5 %, 42.1 % and 17.5 % of the root length of P. lanceolata with 154 
22, 38, 2 and 121 spores per cm3 of soil, respectively. No AMF spores or colonization of 155 
roots were observed in the control inoculum. 156 
 157 
Preparation of AMF treatments and plant seedlings 158 
For the experiment, the cultured AMF material was transferred to 1 L pots 159 
containing 1.15 kg (dry weight) of one of the two soil-sand mixtures, high sand or low 160 
sand. Pots inoculated with a single AMF received 50 ml of inoculum, containing 161 
substrate and root fragments, of one of the four AMF. Treatments co-inoculated with all 162 
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four AMF species received 12–14 ml of roots and substrate of each AMF inoculum; 163 
totaling again 50 ml of inoculum. The inocula were mixed throughout the soil substrate 164 
within each pot. 165 
Seeds of Trifolium pratense var. Milvus and Lolium multiflorum var. Daxus, 166 
originating from seed multiplication plots located at the Agroscope Reckenholz research 167 
station in Zürich, were surface sterilized by agitating them in 1.25 % sodium hypochlorite 168 
(diluted household bleach) for 5 minutes followed by a thorough rinse in dH2O. The 169 
seeds were then allowed to germinate on 1.5 % water agar during 2–4 days. Seedlings 170 
were then transplanted evenly spaced into the AMF-inoculated pots. Pots were covered 171 
with cellophane for three days to allow seedlings to establish. Seedlings that did not 172 
survive were replaced up to two weeks after initial planting. 173 
A microbial wash was created by using 1 L of the same un-autoclaved field soil 174 
used to create the two soil treatments and wet sieving it through a series of sieves with the 175 
smallest being 11 µm with 5 L of dH2O. Ten ml of this was added to each pot after 176 
planting in order to standardize the microbial community within each pot with a natural 177 
grass/clover soil microbial community including rhizobia bacteria (evidenced by 178 
numerous root nodules on red clover). 179 
Pots were randomly distributed in two adjacent greenhouses. Plants were allowed 180 
to grow for 25 weeks with 16 h / 25 °C days and 8 h / 16 °C nights. Plants received 181 
natural light and supplemental illumination was provided by 400-W high-pressure 182 
sodium lamps to maintain a light level above 300 W/m2. Pots were watered with dH2O by 183 
weight as required to maintain soil moisture in the range of 10–20 %. 184 
 185 
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Data collection 186 
 Shoots were harvested 9, 16 and 25 weeks after planting in order to reduce 187 
aboveground competition for light and to simulate mowing/grazing as is usually done in 188 
managed grass-clover meadows/pastures. At the time of harvest at 9 and 16 weeks shoots 189 
were cut at approximately 5 cm above the soil surface. During the final harvest at 25 190 
weeks shoots were cut directly at the soil surface and roots were rinsed clean of soil and 191 
frozen at –20 °C until they could be processed further. Shoots were dried at 80 °C after 192 
each harvest and the biomass recorded to the nearest tenth of a mg. The aboveground 193 
biomass of each plant species was pooled across harvests and used in all subsequent 194 
analyses. 195 
Frozen roots were thawed, cut into 1–2 cm fragments, and mixed for molecular 196 
assessment of AMF (see below) and for determining AMF root colonization. To 197 
determine the level of colonization of each single-AMF inoculated treatment and for 198 
assessing the viability of the inoculants, a random sample of 1–2 g of fresh root was fixed 199 
in 50 % ethanol overnight, cleared with 10 % KOH in an 80 °C water bath for 45 min and 200 
then stained with 5 % pen-ink vinegar (Vierheilig et al. 1998) for 10 min in an 80 °C 201 
water bath. A random selection of the cleared and stained roots were mounted on glass 202 
slides with 50 % glycerine under a cover slip and scored for the presence AMF using the 203 
intersect method (McGonigle et al. 1990) for 100 intersects. 204 
The presence of the four different AMF in the high-diversity AMF treatment was 205 
determined using quantitative real-time PCR (qPCR) with hydrolysis probes targeting 206 
species-specific motifs of the large ribosomal subunit (LSU) of G. mosseae, G. 207 
intraradices and G. claroideum, following the protocol developed by Thonar (2009); see 208 
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Appendix A for details. For the qPCR quantification of D. celata, novel primers and a 209 
hydrolysis probe were designed (see Appendix A). The primers for D. celata also 210 
targeted a fraction of the LSU ribosomal gene copies, similar to the three other AMF 211 
taxa. 212 
 213 
Experimental design and statistical analyses 214 
The experiment was set up as a randomised block design with two blocks 215 
(replicates evenly divided between 2 greenhouses), two soil conditions (high sand and 216 
low sand) and six AMF treatments (no mycorrhiza, AMF I, AMF II, AMF III, AMF IV 217 
and AMF I+II+III+IV). The twelve combinations of two soil conditions  six AMF 218 
treatments were factorially combined with five plant-competition treatments. These 219 
reflected a replacement series between T. pratense and L. multiflorum, i.e. individuals of 220 
the two species were planted in the following ratios: 8:0, 6:2, 4:4, 2:6, or 0:8. Each 221 
treatment combination was replicated six times for a total of 360 pots. 222 
Two pots were found to be contaminated with AMF not initially inoculated into 223 
the pots by both light microscopy and real-time PCR. These two pots were removed from 224 
the data set. One pot, with 6 T. pratense and 2 L.multiflorum in high sand soil, initially 225 
non-mycorrhizal, was found to be colonized by G. claroideum. The second pot of 8 T. 226 
pratense in low sand soil, which was initially inoculated with D. celata, was 227 
contaminated with G. intraradices. 228 
The aboveground biomass of T. pratense and L. multiflorum was assessed with a 229 
three-way analysis of variance (ANOVA) with soil conditions, planting ratio, AMF 230 
treatment and their interactions as main sources of variation. One-way ANOVAs and 231 
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Tukey HSD tests were used to further assess the variation in aboveground biomass 232 
among AMF treatments within each soil condition  planting ratio. The two greenhouses 233 
in which plants were grown was used as a block effect in all ANOVAs. 234 
Competitive interactions between the two plant species were determined by 235 
assessing the growth per individual plant within a mixture relative to that in monoculture; 236 
which was calculated as the relative yield per individual (RYind) by the equation: 237 
ij
ij
M
O
RY ind . 238 
Here Oij is the observed aboveground biomass per individual of plant species i grown in 239 
mixture within a pot of a soil condition  AMF treatment combination j and Mij is the 240 
mean aboveground biomass per individual within the monoculture of plant species i 241 
present within a pot of the same soil condition  AMF treatment combination j (de Wit 242 
1960). The relative yield per individual (RYind) portrays the mean change in shoot 243 
biomass production of an individual plant as conspecifics are replaced by heterospecifics 244 
under the same planting density. 245 
In addition, the relative yield per stand (RY) was also calculated from the 246 
observed aboveground biomass per species in mixture divided by the aboveground 247 
biomass per species in monoculture. The relative yields per stand of the two plant species 248 
in mixtures were added to obtain relative yield totals (RYTs) for each soil condition  249 
AMF treatment combination (de Wit et al. 1966). The RYT provides an overall summary 250 
of changes in the total aboveground biomass in mixtures relative to monocultures and is 251 
often used to assess overyielding in grass-clover mixtures, where values greater than 1 252 
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indicate a greater biomass production in mixtures than the average of the two plant 253 
species in monoculture (see Weiner 1980, Kirwan et al. 2007, Marquard et al. 2009). 254 
A three-way ANOVA was used to test the effects of AMF treatment, soil 255 
condition and planting ratio, as well as their interactions, on the RYind of T. pratense and 256 
L. multiflorum and on RYT in mixtures, with the greenhouse in which the plants were 257 
grown added as a block effect. The RYind and RYT were assessed for differences from 1 258 
(RYind = 1 and RYT = 1, respectively) within each soil condition  AMF treatment 259 
combination in order to determine the influence of each AMF on the competitive 260 
interactions between the two host species as well as their influence on overyielding in 261 
plant mixtures. The effect of each AMF on the RYind of T. pratense and L. multiflorum 262 
and the RYT was also assessed using contrasts to determine differences in individually 263 
inoculated AMF treatments from the non-mycorrhizal control as well as the high-264 
diversity AMF treatment with all AMF co-inoculated. 265 
In order to improve homoscedasticity in the data, Box-Cox transformations were 266 
used for the assessment of aboveground biomass and relative yield measures were log 267 
transformed prior to analyses. Means were considered to differ significantly at a type-I 268 
error level of  < 0.05. Statistical analyses were carried out using R 2.10.1 (R Foundation 269 
for Statistical Computing 2009). 270 
 271 
RESULTS 272 
 273 
Aboveground biomass 274 
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Overall the total shoot biomass of T. pratense was strongly influenced by planting 275 
ratio and AMF treatment, but not by soil conditions (Table 1). The total biomass of T. 276 
pratense was greater in mixtures where it was more abundant (Fig. 1A and B). 277 
Inoculation with AMF increased T. pratense biomass up to 15 times compared to the non-278 
mycorrhizal treatment depending on soil and planting ratio (Fig. 1A and B), resulting in a 279 
significant three-way interaction effect (Table 1). In all planting ratios within the high 280 
sand soil, the greatest T. pratense biomass occurred in the inoculation treatments with D. 281 
celata or with all four AMF; with D. celata frequently being the greater of the two, 282 
followed by the inoculation treatments with G. intraradices, G. claroideum or G. 283 
mosseae, which were generally similar in effect (Fig. 1A). Within the low sand soil, the 284 
high-diversity AMF, D. celata and G. claroideum treatments had large beneficial effects 285 
on T. pratense biomass and were commonly similar in effect; however, in mixtures with 286 
L. multiflorum, inoculation with all four AMF consistently yielded the greatest T. 287 
pratense biomass (Fig. 1B). 288 
The shoot biomass of L. multiflorum was most strongly influenced by soil 289 
conditions, followed by AMF treatment and planting ratio (Table 1; Fig. 1C and D). 290 
Shoot biomass of L. multiflorum was greatest in the low sand soil as well as in mixtures 291 
in which it occurred in high proportion (Fig. 1D). However, unlike T. pratense, the L. 292 
multiflorum biomass did not vary consistently among AMF treatments and was generally 293 
greatest in the non-mycorrhizal treatment (Fig. 1C and D). In no case was the shoot 294 
biomass of L. multiflorum significantly improved by the presence of AMF (Fig. 1C and 295 
D). Whether AMF inoculation resulted in a significant depression in L. multiflorum 296 
biomass depended on soil conditions and planting ratio (Fig. 1C and D).  297 
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 298 
Relative yields 299 
The relative yield per individual (RYind) of T. pratense was strongly influenced by 300 
soil conditions, AMF treatments and planting ratio (Table 2). In mixtures with L. 301 
multiflorum, the RYIind of T. pratense was depressed below its RYind in monoculture by 302 
80 % in the high sand soil (Fig. 2A) and 90 % in low sand soil (Fig. 2B) in the absence of 303 
AMF. The presence of AMF significantly enhanced the RYind of T. pratense in both soil 304 
conditions compared to the non-mycorrhizal treatment (all p < 0.0001, Fig. 2A and B), 305 
demonstrating that AMF reduced competitive pressure by L. multiflorum. In the high 306 
sand soil, both the high-diversity and D. celata AMF treatments were similar in effect (p 307 
> 0. 50) and resulted in a RYind that did not differ from 1 (p = 0.2, Fig. 2A), indicating 308 
that competitive effects of L. multiflorum depressing aboveground growth of T. pratense 309 
were completely alleviated in these two treatments. However, all other AMF treatments 310 
differed strongly from the high-diversity AMF treatment (all p < 0.0001). Intriguingly, 311 
the same effect was not seen in the low sand soil, where although all AMF treatments 312 
improved the RYind of T. pratense, all were significantly lower than 1 (all p < 0.0001, 313 
Fig. 2B). Furthermore, all T. pratense plants inoculated with single AMF had 314 
significantly lower RYind than the plants inoculated with the high-diversity treatment with 315 
all four AMF (all p < 0.01, Fig. 2B; Table 2). 316 
The RYind of L. multiflorum was also found to be heavily influenced by soil 317 
conditions, AMF treatment and planting ratio (Table 2). In all cases, the RYind of L. 318 
multiflorum was significantly greater than 1 in both soils (all p < 0.0001) and the L. 319 
multiflorum individuals also obtained greater biomass when grown in mixture with T. 320 
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pratense (Fig. 2C and D). Within the high sand soil, the RYind of L. multiflorum (Fig. 2C) 321 
showed an inverse ranking of AMF treatments in biomass production compared to that of 322 
T. pratense (Fig. 2A), demonstrating an AMF-mediated T. pratense competitive effect on 323 
L. multiflorum. Moreover, L. multiflorum RYind was significantly greater in the non-324 
mycorrhizal treatment than all other AMF treatments (all p < 0.05, Fig. 2C). The RYind of 325 
L. multiflorum in the low sand soil was only significantly depressed below the non-326 
mycorrhizal treatment in the presence of D. celata (p < 0. 01). The effect of the high-327 
diversity AMF treatment on the RYind of L. multiflorum also differed from that of G. 328 
intraradices (p < 0.0001, Fig. 2D). 329 
The relative yield total (RYT) varied between soils as well as among AMF 330 
treatments and planting ratios (Table 2). Overyielding (RYT values > 1) occurred more 331 
frequently in the high sand soil resulting in an overall greater RYT than in the low sand 332 
soil (Fig 2E and F). Regardless of soil conditions, inoculation with G. mosseae and the 333 
non-mycorrhizal resulted in similar RYT values; both of which did not result in 334 
overyielding and differed significantly from inoculation with G. intraradices and the 335 
high-diversity AMF treatment (all p ≤ 0.01, Fig. 2E).  336 
 337 
Arbuscular mycorrhizal colonization 338 
All AMF were found to colonize roots of host plants when inoculated 339 
individually. Irrespective of soil type and planting ratio, G. intraradices colonized the 340 
greatest percentage of roots (79.5 %, SE = 1.5), followed by G. claroideum (35.1%, SE = 341 
1.7), D. celata (22.0 % SE = 1.4) and G. mosseae (17.7 %, SE = 1.8). All four AMF were 342 
detected by qPCR in 43 of the 60 replicates where all four AMF were co-inoculated. In 7 343 
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cases G. mosseae and in 8 cases G. claroideum were not detected, while in two cases both 344 
G. claroideum and G. mosseae were not detected. Glomus intraradices was the most 345 
abundant within roots, when all four AMF were co-inoculated, with an average of 16.2 × 346 
105 (SE = 1.84 × 105) LSU copies per mg of dried root, followed by D. celata (6.09 × 347 
104, SE = 0.50 × 104), G. claroideum (5.66 × 104, SE = 1.07 × 104) and G. mosseae (2.87 348 
× 103, SE = 0.72 × 103). The percent colonization and the number of LSU copies of each 349 
of the AMF taxa differed among planting ratios and soils depending on AMF taxa (see 350 
Appendix B). In general, all AMF taxa were abundant within the T. pratense monoculture 351 
and the high sand soil, with the exception of G. claroideum, which was more present 352 
within roots in the low sand soil and showed preference for the L. multiflorum 353 
monoculture in the high sand soil (Appendix B). 354 
 355 
DISCUSSION 356 
Our results demonstrate that AMF identity and diversity has a large impact on 357 
competitive interactions between the grass L. multiflorum and the legume T. pratense, 358 
favoring the legume. Moreover, in support of our hypothesis, the high-diversity AMF 359 
treatment with all four AMF in all but one case improved the biomass production of 360 
individual T. pratense plants more than did the individual AMF taxa, irrespective of soil 361 
conditions, enabling it to better coexist with L. multiflorum in mixtures (see Fig. 2). 362 
The effect of AMF species identity and AMF diversity on plant productivity 363 
varied between the two soil conditions. For example, in the less productive high sand soil, 364 
the best single AMF species and the diverse AMF mixture had an equally beneficial 365 
effect on the competitive ability of the legume. Conversely, in the more productive low 366 
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sand soil the diverse AMF species community was more beneficial than the best 367 
individual AMF in supporting legume competitive ability. The differences between soil 368 
conditions in the relative importance of AMF species identity versus diversity provides 369 
support for the insurance effect of biodiversity (Yachi and Loreau 1999), demonstrating 370 
the role of AMF richness to be an important mediator of plant productivity across 371 
heterogeneous soil conditions.  372 
 373 
Effects of AMF on plant productivity between soils 374 
Earlier work has shown that AMF and different AMF taxa alter competitive 375 
interactions and coexistence between plants (Fitter 1977, Hartnet et al. 1993, Hetrick et 376 
al. 1994, Zobel and Moora 1995, Scheublin et al. 2007, Schroeder-Moreno and Janos 377 
2008, Collins and Foster 2009). However, effects of AMF diversity on competitive 378 
interactions were not yet investigated. This study now shows that AMF species richness 379 
indeed influences plant competition and that, especially in heterogeneous environments, 380 
the effects of a diverse AMF community may result in greater effects on the competitive 381 
interactions between plants than most of the individual AMF of which the AMF 382 
community is comprised. 383 
Furthermore, our results show that AMF can enhance overall plant productivity 384 
by easing competitive interactions between plants resulting in overyielding. Within the 385 
more productive low sand soil the greater RYind of T. pratense in mixtures in the high-386 
diversity treatment reveals a more diverse AMF community is of greater importance for 387 
plant co-existence than any individual AMF. This demonstrates complementarity within a 388 
diverse belowground community of mutualists to be a mechanism behind plant 389 
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complementarity aboveground. However, the effect of the diverse AMF community on 390 
aboveground plant productivity within the high sand soil was similar to that of a single 391 
AMF taxa, D. celata, suggesting a sampling / selection effect within the high AMF 392 
diversity treatment may be behind the functioning of the AMF community (see Wardle 393 
1999 / Loreau and Hector 2001). This reveals AMF identity can be of greater importance 394 
than diversity per se depending on abiotic soil conditions.  395 
Importantly, earlier studies investigating effects of AMF richness on plant 396 
coexistence and community structure (e.g. van der Heijden et al. 1998a, Klironomos 397 
2000, Vogelsang et al. 2006) did not test whether the AMF taxa co-inoculated at the start 398 
of the experiment were still present at the end. Using quantitative PCR we could verify 399 
that in the majority of pots all four AMF inoculated at the start where still present at the 400 
end of the experiment. Moreover, the AMF taxa identified as being most effective (D. 401 
celata), was present in all co-inoculated pots at the end of the experiment. This provides 402 
for the first time empirical evidence in support of conclusions that effects of a more 403 
diverse AMF community can be driven by the dominance of the single most effective 404 
AMF. 405 
 406 
Competitive interactions between host plants 407 
Our findings show L. multiflorum to have a strong interspecific competitive effect 408 
on T. pratense under both soil conditions tested, but particularly in the absence of AMF 409 
and in the more productive low sand soil. In the absence of AMF, the competitive 410 
suppression of growth in T. pratense by L. multiflorum was considerable. This 411 
corresponds to previous studies that observed Lolium spp. as a strong competitor (Stone 412 
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et al. 1998, Hodge et al. 1999, Cralle et al. 2003). The depression in L. multiflorum 413 
productivity in AMF-inoculated treatments compared to the non-mycorrhizal treatment 414 
would suggest AMF supply soil resources toward T. pratense away from L. multiflorum. 415 
This result is similar to that of Fitter (1977), who found growth of L. perenne to be 416 
greatly reduced by AMF when competing belowground with Holcus lanatus resulting 417 
from AMF-mediated nutrient uptake. This effect of indirect competition has also been 418 
observed in other AMF-related plant competition studies where the species that was 419 
better able to utilize AMF associations to increase its own nutrient uptake caused a 420 
growth depression in the neighboring competing plant (Zobel and Moora 1995; Moora 421 
and Zobel 1996; Marler et al. 1999; Zabinski et al. 2002). This study also confirms 422 
previous studies that show strong positive responses by Trifolium species to AMF 423 
inoculation (Crush 1995, Li et al. 1997, Takacs et al. 2006, Wang et al. 2007, Sudová 424 
2009) and that T. pratense depends heavily on AMF to acquire soil resources (e.g. up 53–425 
65 % of soil P in the study by Feng et al. 2003). 426 
The improved L. multiflorum growth in mixtures relative to monocultures is likely 427 
a response to reduced intraspecific competition as well as the fact that T. pratense can fix 428 
nitrogen, which subsequently may have increased L. multiflorum growth, in line with 429 
previous observations in grass–legume mixtures (Turkington and Klein 1991; Elgersma 430 
and Hassink 1997; Elgersma et al. 2000; Lucero et al. 1999) and a series of plant 431 
biodiversity experiments (Temperton et al. 2007, Wacker et al. 2009). However, due to 432 
inherent problems with the classic replacement series (see Connolly 1986; Snaydon 1991; 433 
Gibson et al. 1999; Jolliffe 2000 for a discussion) these two effects are inseparable in our 434 
study. In either case, the increased biomass production of individual plants of L. 435 
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multiflorum and the alleviation of the L. multiflorum competitive suppression of T. 436 
pratense biomass production in the presence of AMF resulted in overyielding in mixtures 437 
reflecting the relaxed plant-plant competition, where AMF benefits to T. pratense 438 
outweighed the negative effects on L. multiflorum. 439 
 440 
Synthesis 441 
Our results demonstrate that AMF taxa differ in their ability to influence 442 
interspecific plant competition and that a diverse community of AMF can ease plant 443 
competition to a greater extent than do the individual AMF taxa. This reveals that a 444 
diverse AMF community is a key driver of the productivity of grass–clover ecosystems 445 
by relaxing interspecific plant competition and contributing to overyielding (Hector et al. 446 
2002).  However, whether or not a diversity of AMF improved productivity more than the 447 
best single AMF was dependent on soil conditions. The differing relative effects of AMF 448 
diversity in the two soil conditions points to the importance of AMF diversity as an 449 
insurance in heterogeneous soil environments, which to date has received surprisingly 450 
little attention. Moreover, the use of qPCR proved to be a useful tool in detecting and 451 
quantifying co-colonizing AMF and their combined roles in ecosystem functioning for 452 
future soil biodiversity studies. What remains clear is that there is still much to be 453 
uncovered regarding the role of AMF diversity within fluctuating and heterogeneous 454 
environments as is typical in many natural ecosystems. 455 
 456 
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TABLES 671 
 672 
TABLE 1. Results of the ANOVA testing for the effects of soil conditions (Soil), planting 673 
ratio (Ratio) and AMF treatment (AMF) on the overall aboveground biomass of L. 674 
multiflorum and T. pratense. Prior to analyses Box-Cox transformations were used to 675 
improve the homoscedasticity of the residuals. The greenhouse in which plants were 676 
grown is represented by the ‘Block’ effect. 677 
  T. pratense  L. multiflorum 
Source of variation df F p  F p 
Block 1 1.14 0.29 2.44 0.12 
Soil 1 0.93 0.34 5.29 103 < 0.0001 
Planting Ratio 3 1.78 103 < 0.0001 11.2 < 0.0001 
AMF 5 327 < 0.0001 14.5 < 0.0001 
Soil x Ratio 3 136 < 0.0001 3.45 0.02 
Soil x AMF 5 13.5 < 0.0001 3.31 0.007 
Ratio x AMF 15 8.03 < 0.0001 3.50 < 0.0001 
Soil x Ratio x AMF 15 2.49 0.002 0.96 0.49 
Error 237      
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TABLE 2. Results of the ANOVA testing for the effects of soil conditions (Soil), planting 680 
ratio (Ratio) and AMF treatment (AMF) on the relative yield per individual (RYind) of L. 681 
multiflorum, T. pratense and the relative yield total (RYT) in mixtures. Data were log-682 
transformed prior to analyses to improve homoscedasticity in the data of all three 683 
measures. The greenhouse in which plants were grown is represented by the ‘Block’ 684 
effect. 685 
  T. pratense RYind  L. multiflorum RYind  RYT 
Source of variation df F p  F p  F p 
Block 1 2.61 0.11 5.16 0.02  5.08 0.03
Soil 1 609 < 0.0001 84.2 < 0.0001  10.1 0.002
Planting Ratio 2 15.8 < 0.0001 451 < 0.0001  4.61 0.01
AMF 5 171 < 0.0001 16.7 < 0.0001  8.80 < 0.0001
Soil x Ratio 2 7.98 0.0005 6.27 0.002  0.95 0.39
Soil x AMF 5 4.16 0.001 4.89 0.0003  1.63 0.15
Ratio x AMF 10 1.58 0.12 2.55 0.007  0.98 0.46
Soil x Ratio x AMF 10 1.09 0.37 1.00 0.44  0.89 0.55
Error 177    
 686 
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FIGURES 688 
 689 
Fig. 1. Mean and standard error (SE) of the aboveground biomass of T. pratense (grey 690 
bars) and L. multiflorum (black bars) are shown for each planting ratio (T. pratense : L. 691 
multiflorum) and AMF treatment combination in both high sand (A and C) and low sand 692 
(B and D) soils. AMF treatments are denoted as: N = non-mycorrhizal, M = G. mosseae, 693 
I = G. intraradices, C = G. claroideum, D = D. celata, A = inoculation with all 4 AMF 694 
taxa. Significant differences (Tukey HSD p > 0.05) between AMF treatments within each 695 
planting ratio and soil conditions are indicated by different letters. N.S. = not significant. 696 
 697 
FIG. 2. The relative yield per individual (RYind) of T. pratense (A and B) and L. 698 
multiflorum (C and D) as well as the relative yield total (RYT, E and F) in both high sand 699 
(A, C and E) and low sand (B, D and F) soils. All T. pratense RYind values differed from 700 
1, with the exception of D. celata and All AMF treatments in the high sand soil (A).  In 701 
all other cases, regardless of soil conditions, the RYind of T. pratense differed from 1. In 702 
all cases the RYind of L. multiflorum differed from 1. The RYT differed from 1 in all 703 
cases in the high sand soil (E) except for the non-mycorrhizal and G. mosseae treatments. 704 
Inoculation with G. intraradices and all four AMF resulted in RYT values significantly 705 
greater than 1 within the low sand soil (F).706 
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